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ABSTRACT 
 
 
 
 
Vertical-cavity surface-emitting lasers (VCSELs) are among the best choices for high 
beam quality semiconductor lasers. By designing a VCSEL array for uniform current 
injection and having the output coupler on the substrate side of the laser cavity, the laser 
will more easily operate in the fundamental Gaussian mode. This type of laser is referred 
to as a bottom-emitting VCSEL. Bottom-emitting VCSELs show promising results for 
two-dimensional coherent arrays where multiple laser elements are operated in an 
optically coupled configuration. With independent current injection, the rich behavior of 
the bottom-emitting coherent VCSEL array can be explored and controlled. 
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CHAPTER 1 	  
BACKGROUND 
 
 
 
 
 
 
1.1 Motivation 
 
 Semiconductor diode lasers have a wide range of applications. They leverage 
known integrated circuit processing techniques, semiconductor materials, and laser 
technology which all result in efficient coherent light generation within a compact chip. 
One type of semiconductor laser is the Vertical-cavity surface-emitting laser (VCSEL). 
This type of laser allows for on-chip testing, cost effective production, and simple 
integration. Typical VCSELs exhibit transverse symmetry, yielding a higher quality 
output beam. VCSELs are laterally scalable in two dimensions, and two-dimensional 
arrays are feasible with standard processing steps. Coherent VCSEL arrays are useful to 
generate narrower divergence emission compared with single element lasers. Narrow 
divergence beams enable high-brightness applications, where brightness is defined as the 
power per area per solid angle. Controlling the phase of individual elements within a 
coherent array also allows for laser beam steering. Electronic beam steering is 
advantageous over mechanical beam steering because of higher reliability due to lower 
complexity and greater steering speed.   
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1.2 VCSEL Background 
 
The first visible semiconductor laser diode was an edge-emitting laser 
demonstrated in 1962 [1]. The first explicit surface-emitting laser was proposed in 1977 
by Kenichi Iga [2], who highlighted how vertical structures allow for on-chip testing and 
provide smaller cavities and therefore larger longitudinal mode spacing. Iga’s initial 
surface-emitting laser utilized a double heterostructure composed of a GaInAsP active 
region with an InP buried structure to provide confinement, very similar to edge-emitting 
laser designs. These lasers required high threshold currents of approximately 500 mA and 
only operated in pulsed operation. The large gap in time between the development of 
edge-emitting and subsequent vertical cavity lasers was primarily due to the required new 
crystal growth schemes such as metal organic chemical vapor deposition (MOCVD) as 
well as molecular beam epitaxy (MBE) that allowed the growth of buried 
heterostructures. Continuous wave (CW) operation of a surface-emitting laser was 
attained by Fumio Koyama and Kenichi Iga in 1989 [3]. While Iga’s original design only 
utilized gold contacts to act as mirrors, the CW laser closely resembled the conventional 
VCSEL of today. The new design used a distributed Bragg reflector composed of 
alternating layers of SiO2/TiO2 as reflectors 
With better epitaxial semiconductor growth technology, a low threshold, room 
temperature, continuous wave VCSEL was made by Jewell et al. at Bell Labs in 1989 [4]. 
As MOCVD and MBE technologies continued to evolve and develop, the precision of 
semiconductor layers increased. The distributed Bragg reflector (DBR) layers were 
optimized to constructively interfere the emission, and to position the standing wave 
pattern on quantum well layers. The VCSEL utilized AlAs/AlGaAs DBR structures, with 
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reflectivities in excess of 99%. In order to get smaller beam sizes as well as attaining 
lower threshold currents, optical index guiding became desirable. Air post VCSELs were 
at first used. In the 1990s, native oxidation of AlGaAs was studied by Holonyak’s group 
at the University of Illinois [5]. This development rapidly led to the oxide confined 
VCSEL [6], a prevalent design in VCSELs manufactured today. 
The distributed Bragg reflectors provide a way of epitaxially growing high 
reflectivity mirrors, which are tuned to a specific wavelength of operation. The DBR 
works by having alternating layers of high and low index material. This causes a 
reflection at each boundary and results in a broad spectrum of highly reflected 
wavelengths. A pair of DBR mirrors situated an integer number of half wavelengths apart 
will be highly reflective at all but the resonant wavelengths and will form a Fabry-Pérot 
cavity, with one mirror slightly less reflective, to allow laser emission. The number of 
DBR periods determines the reflectance percentage of the resonant wavelength. 
The quantum well (QW) gain medium is placed between the DBR mirrors to align 
with the longitudinal optical standing wave. The QW is supplied with carriers by 
introducing electrical impurities into each DBR and making an overall p-i-n diode 
junction. To achieve lasing threshold, the gain must overcome the loss of both the mirrors 
and the absorption loss in the semiconductor. This can be described by 𝛤𝑔!! = 𝛼 + !!! 𝑙𝑛 !!!!! .       (1) 
Here Γ is the confinement factor, or overlap between the gain medium and optical field, 
gth is the material threshold gain, α is the cavity optical absorption loss, L is the cavity 
length, and R1,2 are the mirror intensity reflection coefficients. Gallium arsenide and 
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aluminum gallium arsenide are the most commonly chosen materials because of their 
lattice match, and index contrast based on the aluminum concentration.  
By laterally confining the light, the VCSEL’s light output can be made to have 
good mode quality. This can be done with a refractive index difference between the 
cavity and its surrounding, by partially oxidizing a high aluminum layer in the DBR and 
creating an oxide aperture. This additionally confines injected carriers to within the 
aperture. Another method for optical mode confinement is a photonic crystal pattern 
etched around the laser cavity [7]. A properly designed photonic crystal allows 
fundamental mode operation and suppresses higher order modes. Ion implantation can be 
used for current confinement if an oxide aperture is not used. Using these base 
components of a VCSEL, other interesting photonic devices and variants can be made, 
such as a coherent bottom-emitting array. 
In the early 1990s work was done on VCSEL arrays, including an individually 
addressable 8x8 VCSEL array [8], an evanescently coupled array with a double lobed far-
field [9-10], and investigation by Hadley of the phase relationship between array 
elements [11]. Hadley determined that the out-of-phase coherent mode is most likely in 
gain-guided and index-guided two-dimensional arrays, and that in-phase coupling may be 
difficult to achieve. The first two-element anti-guided VCSEL array was reported in 1999 
[12], and later was extended to 4x4 VCSEL arrays by other researchers [13]. The addition 
of photonic crystals, with 1x2 lasing defect cavities, was done in 2003 [14] and coherent 
coupling in two-dimensional photonic crystal VCSEL arrays was reported in 2005 [15]. 
Following this was the continued development of coherent VCSEL array 
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and characterization, including beam steering [16], phase and coherence extraction [17], 
and dynamic coupled mode theory [18]. 
 
1.3 Bottom-Emitting Laser 
 
 Traditionally, VCSELs emit light from the top facet opposite the substrate side of 
the semiconductor wafer. This allows for simpler fabrication because only one side is 
processed. A major drawback is the top electrical contact, which injects carriers in a ring 
surrounding the VCSEL. Higher-order optical spatial modes often will have greater 
overlap with the gain created by these carriers than the fundamental Gaussian mode. 
Fundamental mode operation is desirable for many applications. Ideally, the VCSEL 
current injection will completely overlap the desired optical mode, which requires a metal 
contact directly over the facet. A bottom-emitting VCSEL configuration solves this issue. 
An electrical connection can be placed directly over the active region and light can still 
be emitted from the VCSEL through the substrate side of the semiconductor wafer. 
Another advantage is thermal management if heat sinking is used on the top surface. For 
top-emitting VCSEL’s, heat must dissipate through the bottom DBR and substrate, 
whereas bottom-emitting VCSEL’s heat only dissipates through the top DBR. 
  A disadvantage of the bottom-emitting VCSEL is the backside electrical contact. 
A standard broad area substrate contact will obviously not work. A bottom contact can be 
easily deposited on the sample periphery, away from any laser facets, but the long lateral 
current path through the substrate will increase the diode series resistance.  
 Both top-emitting and bottom-emitting lasers can be configured into arrays that 
enable high-brightness coherent operation. When multiple lasing elements are laterally 
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close together, such that the photons coherently couple, then the optical mode is 
distributed over all of the elements creating coherent optically coupled operation. 
 
1.4 Array Coherence 
 
 High-brightness beams come from laser arrays with coherently coupled lasing 
elements. Coherence requires shared photons among all the array elements, such that 
stimulated emission will have a phase relationship between the array elements. VCSEL 
array coherence is possible with antiguided, leaky-mode, coupling [19]. This guiding uses 
higher index regions between elements to couple adjacent lasing elements. When 
designed correctly, antiguided arrays can coherently operate in the in-phase mode.  
 In-phase operation has a central intensity maximum on the optical axis in the laser 
far-field emission. Conversely, out-of-phase operation has an intensity minimum on the 
optical axis in the far-field. A third possibility is that some or all of the lasing elements 
are incoherent. In this case the far-field is the overlap of each individual laser element’s 
intensity profile. Sketched far-field profiles of a coherent and incoherent 1x2 array are 
shown in Figure 1.1.  
	  
Figure 1.1: 1x2 Far-field profiles (a) in-phase, (b) out-of-phase, (c) incoherent 	   Array coherence can also be a mixture of these three depending on the coupling 
and phase relationship of the elements. The intensity profile is the sum of individual 
element’s squared electric field amplitudes in an incoherent situation 
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𝐼 = 𝐸! ! + 𝐸! !,               (2) 
and is equal to the sum of both elements’ electric field amplitudes squared in the 
perfectly coherent case: 𝐼 = 𝐸! + 𝐸! !.             (3) 
There is an intermediate case where some of the array is coherent, and some part is 
incoherent. Then the resultant intensity profile is between the solutions of Equation 2 and 
Equation 3. 
Dynamic coupled mode theory can be applied to examine the interaction between 
array elements and their phase shifting mechanism in a coherent array [18]. Differential 
current injection causes local carrier concentration and temperature changes, leading to 
changes in the refractive index profile. The change in index shifts the resonant 
wavelength of the particular cavity. The phase can be applied with the coherence to 
examine beam steering of the array. Dynamic coupled mode theory and experimental 
results can extract the phase and coherence of an array, and they are useful in 
understanding the relationship between current injection and beam steering. 
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CHAPTER 2 	  
FABRICATION 
 
 
 
 
 
 
This chapter begins with the fabrication techniques for a standard VCSEL. Then 
the additional fabrication challenges pertaining to a bottom-emitting VCSEL are 
discussed. The third section describes the steps required for fabricating a bottom-emitting 
VCSEL array. 
2.1 VCSEL Fabrication 
This chapter begins with standard design and fabrication techniques of Vertical-
cavity surface-emitting lasers (VCSELs) [20]. A crystalline gallium arsenide (GaAs) 
compound semiconductor substrate is the base of the lasers. Upon this, distributed Bragg 
reflector (DBR) mirrors and a multiple quantum well active region are deposited by 
metal-organic chemical vapor deposition or molecular beam epitaxy. All design 
considerations such as layer thickness, compositional grading, quantum well placement, 
and impurity doping concentration determine the exact growth specifications for the laser 
epitaxy. To enable electrical carrier injection, the doping scheme used is a p-i-n diode, 
which will supply the central active region with electrons and holes for recombination 
and emission. 
The epitaxial structure is the starting point for VCSEL fabrication. The most basic 
VCSEL consists of an etched mesa pillar in the epitaxial layers with electrical contacts on 
the p and n sides of the diode. The pillar is needed to spatially confine the carriers as well 
 9 
as the photons transverse to the emission axis so that the lasing conditions can be 
satisfied. This pillar structure is called an air-post VCSEL [21]. 
More complicated fabrication steps are necessary to improve the VCSEL’s 
threshold current, maximum output power, and beam profile. To improve current 
injection the metal contacts on the laser can be tailored for the majority carrier 
concentration. When contacting n-type semiconductor a gold-germanium, nickel, gold 
stack of metal layers is used. The work function of gold-germanium is closer to the n-
type Fermi level, which aids electron flow. The nickel is used as a diffusion barrier to 
restrict gallium and germanium from the top surface of the metal contact [20]. The final 
gold layer is a standard metal contact preferred for its non-reactive nature, good 
conductivity, and ease of bonding to gold wires. The p-type contact is a stack of titanium 
gold layers, where the titanium is chosen to improve adhesion to GaAs. Metal is 
evaporated as a bottom substrate contact or a top ring contact on top of the laser mesa. 
For the top surface standard photolithograph and photoresist development is used. 
Surface preparation is important before any contacts are deposited onto the device. An 
oxygen plasma step will remove thin organic layers such as residual photoresist. 
Additionally, dipping the wafer in dilute ammonium hydroxide will remove surface 
oxides. Following these steps with a slow decant in a deionized water rinse results in a 
uniform surface with a thin oxide passivation layer. After the contacts are deposited, an 
anneal is done to improve the metal semiconductor interface [20]. 
For the air-post or oxide-confined VCSEL, a mesa pillar must be etched with 
preferably vertical sidewalls. We use an inductively coupled plasma reactive ion etch 
(ICP-RIE) system. To preserve the VCSEL top surface, a protective barrier must be 
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applied. Plasma enhanced chemical vapor deposition (PECVD) is used to deposit silicon 
dioxide on the top surface. Mesa level photolithography and development defines the 
mask to protect the mesa areas, and then the silicon diode layer is etched with a Freon 
reactive ion etch (RIE). Removing the photoresist leaves silicon dioxide features which 
define the mesa. Next, the ICP-RIE creates the pillar structure. In situ reflectometry is 
used to monitor the etched surface reflectance as a function of time. The varied aluminum 
composition in exposed DBR layers creates a change in the reflectivity. In this way, the 
etch depth can be monitored such that the etch continues until several DBR periods 
beyond the active region have been etched away. 
A key fabrication step for the VCSEL is the formation of the oxide aperture. This 
aperture provides both a refractive index step, which creates optical confinement, and a 
current barrier so current is confined to provide cavity gain. The oxide layer is grown in 
the epitaxy with a high aluminum content. After the mesa sidewalls are exposed by ICP-
RIE, the wafer is put into a furnace with flowing nitrogen gas and water vapor. The high 
content AlGaAs layer will readily oxidize where the oxidation rate is sensitively related 
to its Al composition [22]. An oxide confined VCSEL side-view cross-section is shown 
in Figure 2.1. Once oxidized, the protective silicon dioxide is removed with Freon RIE 
with care to prevent damage to the VCSEL top facet [23]. 
Ion implantation is also used to confine current for cavity gain. Implanting 
protons into a p-type semiconductor will compensate the dopants, resulting in less 
conductivity in implanted regions. Lattice damage is a consequence of the high-energy 
implantation. Areas that are unimplanted have the original carrier concentrations, and 
will conduct current [24]. Ion implantations provide strong current confinement; 
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however, the index contrast is not much different between implanted and unimplanted 
regions, resulting in poor optical confinement. Local heating where the current flows will 
raise the index and cause a thermal lens, which does provide optical confinement [25]. 
 
Figure 2.1: Oxide confined VCSEL 
 
Inspection is important throughout the fabrication process. Key measurements 
include: visual inspection, optical microscope inspection, current and voltage 
relationships, light emission, ellipsometry and thin film measurements, profilometry, 
scanning electron microscope (SEM) imaging, and comparisons with records. An 
example of a completed VCSEL profile is displayed in Figure 2.2 and two SEMs of 
fabricated VCSELs are shown in Figure 2.3. The mesa and gold contact are apparent in 
both figures. 
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Figure 2.2: Profilometer of two VCSEL mesas 
 
  
Figure 2.3: Scanning electron microscope images (a) single VCSEL (b) group of VCSELs 
 
 
2.2 Extension to Bottom Emission 
 
 Several changes must be made to both the device structure and the fabrication 
steps in order for light to emit through the substrate from the bottom facet. Figure 2.4 is a 
side-view cross-section of a bottom-emitting 1x2 VCSEL array. 
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Figure 2.4: Bottom-Emitting 1x2 VCSEL array 
The output coupler of a Fabry-Perot cavity should be less reflective than the other 
mirror. Intuitively this means the high reflectivity DBR will have more periods than the 
output DBR. While this is true, the difference is not as great as the DBR period difference 
in a conventional top-emitting VCSEL. Because the bottom-emitting VCSEL has a gold 
contact placed immediately over the lasing area, if designed and fabricated properly, the 
metal-semiconductor interface will provide a coherent reflection that increases the top 
mirror’s reflectivity [26]. The metal pillars seen on Figure 2.4 are used as an ion 
implantation mask for current confinement for the bottom-emitting VCSEL arrays. 
Therefore, the metal is guaranteed to be self-aligned with the lasing apertures. 
Another major difference is the cathode contact. To avoid alignment through the 
wafer, and for ease of bottom-emitting laser testing, the only contact on the substrate is a 
large ring contact around the perimeter of the sample. This has a disadvantage of a long 
lateral current path and therefore higher series resistances, potentially creating injection 
uniformity issues. The n-type semiconductor is used on the bottom to take advantage of 
the higher electron mobility, which helps minimize this issue. 
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 The laser emission must pass through the substrate. The thickness of the substrate 
is much larger than the optical wavelength in the semiconductor, but the relatively large 
index step exiting the substrate can create optical interference. To mitigate this issue, an 
anti-reflective coating is added to the bottom surface of the substrate. By adding a quarter 
wavelength of silicon nitride, boundary reflections that create optical feedback and 
interference are lessened [27]. 
 In this work closely packed VCSEL arrays are a focus. However, adding an oxide 
aperture to closely spaced coherent arrays would be difficult. Therefore, an ion 
implantation current confinement scheme is required for bottom-emitting arrays. For 
strong optical confinement, a photonic crystal pattern is etched into the surface to define 
the elements of the array and create loss for higher-order array modes [28]. 
As a result of not etching mesas between devices, a highly doped top contact layer 
remains. The high conductivity layer is necessary for ohmic contacts to the laser, but this 
potentially causes unwanted electrical cross-talk between devices. A shallow wet etch is 
used to remove the top conductive layer of epitaxy after the top metal contacts have been 
placed. 
 
2.3 Bottom-Emitting VCSEL Fabrication 
 
 A process follower for the bottom-emitting VCSEL arrays fabricated is given in 
the Appendix, which this section closely follows. The epitaxy was grown by International 
Quantum Epitaxy, IQE, Ltd. Part IQE 3800F (IEGENS-17-8) is a bottom-emitting 
structure, <100> substrate orientation, with a 977 nm DBR center wavelength. It consist 
of a 28 period bottom n-type DBR mirror doped with silicon, followed by 3 undoped 
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InGaAs/GaAsP quantum wells, ending with a 30 period top p-type DBR mirror doped 
with carbon. The mirrors are composed of varying aluminum concentration in AlGaAs 
layers. The doping concentration is 2x1018 cm-3 in the n-region, 1.5x1018 cm-3 near the 
active region on the n-side, 2.5x1018 cm-3 on the p-side, ending with a greater than 1x1019 
cm-3 0.04 µm GaAs cap. 
 The first mask level is the implant aperture. The gold deposited on this step is 
used as the implant mask. To allow for a liftoff metal process, the photoresist needs to be 
thick, so AZ 9260 photoresist is used. After initial degrease cleaning (acetone (ACE), 
isopropyl alcohol (IPA), deionized water (DI), IPA, nitrogen dry), the photoresist spin 
process is done as described in the Appendix. The resultant photoresist height is 6.18 µm. 
Development in AZ 431K defines the features. A surface preparation treatment as 
described in Section 2.1 is then completed with a 300 W 3 minute descum, and a 10 
minute DI rinse. The metal deposited is 46.4 nm titanium followed by 3 µm gold. Metal 
liftoff is completed next with immersion in 40 oC ACE. The contacts are annealed at 410 
oC for 2 minutes. 
 
Figure 2.5: Single element metal implant mask profile 
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Figure 2.6: Metal implant mask (a) 2x2 array (b) 2 3x3 arrays (c) 49 4x4 arrays 
As seen on the profile shown in Figure 2.5 and SEM photos shown in Figure 2.6, 
there are significant sidewalls around the edge of the gold pillars. These sidewalls 
connect to adjacent elements if they are too close together. Figure 2.6 (b) shows an 
unconnected 3x3 array on top and an unintentionally connected 3x3 array on the bottom 
of the image. A survey of Figure 2.6 (c) shows about half of the arrays are unintentionally 
connected (closest to the lower-left corner in the picture). This gold sidewall causes 
issues with ion implantation because it masks areas between elements that should be 
implanted. The result is reduced current confinement between elements with touching 
sidewalls.  
 After creating the gold masks, the samples are then sent to an external vendor for 
multiple H+ ion implantations at various energies and doses. The first implantation used 
is H+ at a 7o tilt, with 200 keV, 310 keV, and 400 keV implantations, each at a dose of 
4x1013 ions/cm2. The second implantation process used is H+ implant at a 7o tilt, at 490 
keV and a dose of 4x1014 ions/cm2. 
 After receiving the samples back from implantation, the photonic crystal patterns 
are made. A 4000 Å PECVD silicon dioxide mask is deposited. Before photolithography, 
hexamethyldisilazane (HMDS) is used as an adhesion promoter before AZ 5214 
photoresist is spun and softbaked. Thick resist around the sample edges, called the edge 
bead, is removed with a prolonged exposure and development in AZ 327 MIF. The 
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photonic crystal mask is aligned to the gold implant mask using a contact aligner 
exposure and development in AZ 327 MIF. An example of this photolithographic pattern 
is shown in Figure 2.7.  
 
Figure 2.7: 2x4 Pillar array aligned with the photonic crystal pattern 
A 15 second 300 W oxygen descum removes residual photoresist and 24 minutes 
of Freon RIE removes the exposed silicon dioxide. The photonic crystals are then etched 
into the surface ICP-RIE using a silicon tetrachloride gas in a 27 minute etch with a 122 
V direct current bias. The silicon diode mask is removed afterwards with a 5 minute 
Freon RIE. 
 Deposition of the top contacts is the next step. The associated mask is composed 
of dark images on a clear background, so a photolithography image reversal process is 
needed. Because top contact liftoff is a concern, we use LOR30B underneath image-
reversed AZ 5214, using the exact process listed in the Appendix. A softbake is done and 
development is done in AZ 327 MIF to remove the AZ 5214 photoresist. Then the sample 
is developed in AZ 400K to remove the LOR30B photoresist. Standard surface 
preparation is done before metal evaporation, consisting of a 2 minute 300 W oxygen 
plasma descum, a 1:10 NH4OH:DI dip for 20 seconds, and a DI decant into a 10 minute 
DI rinse. The p-type top contact is 161 Å of evaporated titanium followed by 1602 Å of 
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gold. Metal liftoff is accomplished with heated Edge Bead Remover (EBR) and an ACE 
spray gun.  
 The next task is removing the high conductivity epitaxial layer. Because the 
etching thickness is only 40 nanometers we use a wet etch since any isotropic etching 
will not affect the devices. AZ 5214 photoresist is used for the wet etch mask. The wet 
etch is done with a 1:1:100 ratio of H2O2:H3PO4:DI. After calibrating the etch rate, the 
sample is etched 1 minute and 10 seconds for a 56 nanometer etch and the photoresist 
mask is removed. 
 The bottom contact is deposited around the substrate edge, consisting of 403 Å 
gold-germanium, 206 Å nickel, and 1503 Å gold. The contacts are then annealed at 400 
oC for 2 minutes. 
 At this point several VCSELs are tested and the current confinement is found to 
need improvement. The samples are sent for a second round of implantation, which 
includes a shallow oxygen ion implant (330 keV) followed by H+ proton implants at 7o 
tilt with 210 keV, 300 keV, and 400 keV each with a dose of 4x1013 ions/cm2. An 
additional H+ implant is done at 490 keV, and a dose of 5x1014 ions/cm2. After this 
implantation sequence, the samples show better current injection. 
 The mask has many types of arrays and designs, as well as systematic variations 
within each design. Figure 2.8 showcases a subset of the various bottom-emitting array 
designs that were fabricated. 
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Figure 2.8: Example bottom-emitting designs 
 Finally, the anti-reflection coating on the output substrate side is deposited using 
silicon nitride (SiN). The lasing wavelength is 976 nm, and the SiN index is 1.94, as 
measured from an ellipsometer. This means that ideally 125 nm of SiN is needed on the 
bottom-emitting facet. After calibrating the deposition rate, 123.4 nm is deposited on the 
sample as measured by a thin-film measurement reflectometer. Figure 2.9 shows the 
measured reflectance of the facet compared with a model of SiN on GaAs. The measured 
reflectance is minimal near the lasing wavelength. 
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Figure 2.9: Reflectometer measurement and fit 	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CHAPTER 3 	  
CHARACTERIZATION 
 
 
 
 
 
 
In this chapter experimental characterization of bottom-emitting coherent arrays 
will be described. The first section will discuss the experimental setup and measurements. 
The second section will report the coherence tuning of a 1x2 array. The third section will 
report the detailed measurements of a 1x2 array, which exhibits multiple regions of 
coherence. 
3.1 Experimental Procedure 
 
 The fabricated arrays are tested and characterized with a setup especially made for 
bottom-emitting devices. A bottom contact plate with a hole for light emission is 
suspended over an optical table so that the emission could be sent to a photodetector, 
fiber-coupler, imaging camera, or a goniometric radiometer. Figure 3.1 shows the layout 
for the bottom-emitting testing setup and Figure 3.2 is a labeled photograph taken of the 
optical bench setup. 
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Figure 3.1: Characterization setup 
 
Figure 3.2: Optical bench portion of characterization setup 
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 An alignment camera, monitor, and focusing objective are used to view the top of 
the sample to align the probe onto the device’s electrical contacts. Micromanipulators are 
used to adjust the probe to the top contacts. One or more probes are necessary depending 
on the array. The electrical probes are powered by a combination of Keithley 236 
constant current sources and/or an HP 4156C Semiconductor Parameter Analyzer (SPA). 
The bottom-emitting sample rests on the electrically grounded base contact plate and the 
transmitted light through a hole in the plate is either collected by a goniometric 
radiometer for far-field imaging, illuminated onto a silicon photodetector for determining 
the light’s output power, illuminated onto a CMOS camera for near-field intensity 
imaging, or coupled into a fiber that connects to a Yokohama AQ6370C optical spectrum 
analyzer (OSA). When the light goes to the near-field camera or OSA, the beam is 
focused through an objective and mirror attached to an adjustable stage for focusing the 
image. To keep the light from saturating the CMOS camera, the signal can be attenuated 
by filters with varied optical densities (OD). The SPA, OSA, near-field camera, and 
goniometric radiometer all interface with a Windows computer for recording data.  
 A variety of measurements are performed with the described setup to characterize 
the bottom-emitting VCSEL arrays. Using the photodetector and SPA, the current can be 
varied while the applied voltage and output power are measured at each step. This is 
automated with a LabView program to determine the light, current, and voltage (LIV) 
plot. Many properties of the laser can be extracted from the LIV plot, such as the 
threshold current, turn-on voltage, resistivity, rollover current, maximum power, and 
slope efficiency. A single VCSEL LIV is shown in Figure 3.3; the red curve corresponds 
to the light output and the blue curve corresponds to the applied voltage. Arrays with 
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multiple contacts, such as segmented metal contact arrays, require one or more contacts 
held at constant bias voltages while another contact potential is varied with the SPA. 
Using varying current and bias produces LIVs that show how the array behaves at various 
operational points. The OSA is used to collect the spectrum of the laser. Laser arrays can 
exhibit multiple lasing wavelengths, so the OSA is useful to align the multiple resonances 
to overlap spectrally, which is necessary for coherent operation. The other properties 
typically measured are imaging the near-field emission pattern and the far-field emission 
of a laser or laser arrays. 
 The standard characterization for a bottom-emitting array consists of an LIV and 
the spectrum and often a near-field image for various bias conditions. Far-field imaging 
with the goniometer is ideal, but for rapid testing an IR phosphor card can be used to 
observe the far-field spatial emission patterns. To determine if a laser array is operating 
coherently, the IR card is placed in the far-field. A circular and symmetric output reveals 
incoherent operation (i.e. the overlap of multiple incoherent Gaussian profiles), while an 
interference pattern indicates coherent operation. 
 
Figure 3.3: Example LIV plot  
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3.2 1x2 Array Coherence 
 
 Many of the fabricated arrays designed with separated metal contacts nevertheless 
have overlapping metal implant mask pillars, and thus behave as a single electrical 
contact device. This fabrication issue causes the majority of the VCSEL arrays to behave 
as a single electric contact. Coherence is occasionally apparent in these devices, but the 
yield is not high. Coherence requires a spatial and spectral overlap of the lasing elements 
in the array. When the arrays are tested with a single injection bias, usually multiple 
emission peaks corresponding to uncoupled laser operation of the elements are found. 
Preliminary testing of the sample found approximately 20% of the 1x2 arrays electrically 
separated after fabrication, with only 5% having both elements lase of 250 total arrays. 
Around 50% of the tested 1x2 arrays had the two contacts shorted together with both 
elements lasing independently. The 5% represents the population of potential coherent 
1x2 arrays on the fabricated sample. 
To electrically isolate the two contacts in the 1x2 array, the metal contacts are 
mechanically separated using a probe tip pressed firmly on the surface. Many iterations 
of scratching between the elements can mechanically separate the metal contacts to 
achieve electrical isolation. An array with separated contacts can be biased such that the 
resonances of each element can be tuned to spectrally overlap each other. For a proper 
array design with spatial overlap of the modes in each element, coherent operation will 
result [29]. 
An example of an array being tuned to spectral overlap is shown in Figure 3.4. 
The spectra from three bias conditions are shown in Figure 3.4 for the bias of L = 3.884 
mA, R = 5.106 mA; two clearly resolved peaks are apparent. When the biases are 
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changed to L = 3.924 mA, R = 5.106 mA, the separation between the peaks decreases. At 
L = 3.993 mA, R = 5.106 mA, a single emission peak is found, which corresponds to 
coherently coupled operation. 
 
Figure 3.4: 1x2 array tuned in and out of spectral overlap 
 The individual element spectra are overlaid in Figure 3.5 to show the spectrum 
when the adjacent element is unpowered. Note that the separation between the peaks is 
less than that found for incoherent operation in Figure 3.4. 
 
Figure 3.5: 1x2 array individual elements 
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 Light output for this 1x2 array is measured with one element at a set bias point. 
Figure 3.6 shows the light output where one element is set to 3.50 mA while the current 
to the other element is varied. There is a region of coherence around 3.70 mA, indicated 
by the arrow in Figure 3.6, with a higher intensity output. 
 
Figure 3.6: 1x2 array light output with bias L = 3.50 mA. The arrow shows the onset of 
coherent operation. 
 
 The far-field for an in-phase coherent 1x2 array is shown on an IR phosphor card 
in Figure 3.7. (The brightness and contrast of the image shown in Figure 3.7 have been 
adjusted to better show the far-field pattern.) The more precise way to characterize the 
far-field is with a goniometric radiometer. Because of the small coherence ranges and 
issues with stable operation, the goniometer is not used in this work. 
 
Figure 3.7: 1x2 array far-field on an IR card 
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3.3 Multiple Coherence Regions 
 
In the last section, the resonance tuning to coherence of a 1x2 array was 
discussed. In this section a 1x2 array with mechanically separated contacts is reported 
which has multiple coherence regions while varying a single bias. The behavior of this 
array is different than many others, both because of large coherence regions and because 
there are multiple regions of coherence. Before the contacts were separated to produce 
isolation, the array had no regions of coherence. The LIV is shown in Figure 3.8. After 
contact separation, with one element biased at 5.50 mA and varying the other, the LIV in 
Figure 3.9 is seen. The interesting features on this curve are labeled 1-10. Regions 4, 6, 
and 8 correspond to regions of coherent operation; regions 3, 5, 7, and 9 are regions of 
partial coherence and thus reduced intensity; and regions 2 and 10 represent incoherent 
operation between the two independent elements of the array. 
 
Figure 3.8: LIV for coupled 1x2 array 
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Figure 3.9: Light output for a decoupled 1x2 array 
 The near-field images are recorded for each of these points, and are shown in 
Figure 3.10. In the regions of coherence, the near-field patterns have bright interference 
fringes between the cavity regions of the elements that correspond with the coherent 
mode. The transition regions at biases between the regions of coherence have less well 
defined near-field fringes. The incoherent operation regions are dominated by the element 
with the most injection current. The near-field coherent mode appears to be most uniform 
in region 6, which is also the bias condition corresponding to the highest output power. 
The number of coherence fringes increases for each of the coherence regions (4, 6, and 8 
in Figure 3.9), demonstrating that multiple coherent array modes are possible for various 
electrical biases. 
 The spectra for the lasing emission in regions 1-8 are also shown in Figure 3.9. 
The spectra show one resonance peak in the regions of coherence. Transition regions 
have multiple peaks, and incoherent regions have one dominant peak in the spectrum that 
correspond to a dominant lasing element. 
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Figure 3.10: Spectrum and near-fields at select currents 
 The spectral peaks and linewidths are plotted against the input current in Figure 
3.11. An overall trend can be traced in this data, as shown by the red and blue lines 
loosely fit over the data in Figure 3.11. The blue line follows the emission of the element 
held at a constant current and the red line traces the emission of the element with varying 
bias. Both peaks increase in wavelength, or redshift, as the current in one element 
increases because of an overall increase in temperature of the array. The red line from the 
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varying bias element has a greater slope than the fixed bias wavelength because the 
increasing current increases the local temperature. The higher temperature implies an 
increasing refractive index. An increase in the effective index in the active region will 
increase the operating wavelength. Notice the behavior of the coherent operation at 5.4 
mA and 6.2 mA (points 6 and 8, respectively in Figure 3.9) does not follow the trends 
shown by the red and blue lines in Figure 3.11. A possible explanation is that the 
coherence at points 6 and 8 corresponds to the resonance overlap between the 
fundamental mode of one element and a higher order mode (rather than the fundamental 
mode) of the other element.	  
	  
Figure 3.11: 1x2 array lasing peaks and linewidths 
The dataset for this 1x2 array is incomplete because one of the elements failed 
during testing. It was found that extended continuous operation of the array elements 
could lead to failure. This issue was observed on other lasers from the fabricated bottom-
emitting sample. The projected range of the ion implantation may have been in too close 
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proximity to the active region. This issue could be resolved for future samples by using a 
lower ion implantation energy to achieve a shallower projected range.	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CHAPTER 4 	  
CONCLUSION 
 
 
 
 
 
 
4.1 Summary 
 
 The motivation, design, fabrication, and characterization of a bottom-emitting 
vertical-cavity surface-emitting Laser is presented in this work. The bottom-emitting 
VCSEL is attractive because light coming out the substrate allows a top contact to be 
placed directly over the lasing aperture. The uniform current injection better excites the 
fundamental lasing mode. Arrays were made on the bottom-emitting sample because of 
the high-brightness potential of coherent operation of two-dimensional arrays. 
 Fabrication of the bottom-emitting sample is a large focus of this work because of 
the unique aspects in fabricating a bottom-emitting device compared with a conventional 
top-emitting VCSEL. Novel techniques such as the gold pillar implant mask have been 
developed and employed in this fabrication, and the challenges and outcomes have been 
discussed. 
Characterization of the bottom-emitting VCSEL sample revealed interesting 
behavior when electrical contacts were electrically isolated for each array element. The 
main result is achieving 1x2 array coherence from a previously incoherent array. The 
coherence is attained through electrical isolation of lasing elements and individual 
addressability that allows tuning lasing wavelengths to spectral overlap by varying the 
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electrical injection. This technique is not limited to bottom-emitting 1x2 VCSELs, and 
creates exciting possibilities for other VCSEL arrays and device geometries. 
 
 
4.2 Future Potential 
 
 There are several more experiments that can be done with the bottom-emitting 
VCSEL array sample. Arrays with etched trenches perpendicular to the 1x2 array’s 
horizontal coupling direction theoretically will reflect light back to the cavity, leading to 
lower threshold current and higher coupled power output [30]. On the bottom-emitting 
sample are 1x2 arrays with trenches at varied distance from the laser elements. A 
systematic study of these arrays tuned to coherence could yield interesting results about 
the maximum power of a coherent array with a reflecting trench. 
Another area to explore is higher dimensional arrays. The possibility to tune laser 
elements to spectral overlap is applicable to any size array if each element is individually 
addressable. The issue with this method is that linear scaling to larger element arrays 
requires increased electrical contacts and current sources. The electrical isolation is 
possible with a focused ion beam etch, but it requires array elements to be adjacent to an 
electrical contact. This limits one dimension of the array to be two elements. The most 
feasible larger dimensionality arrays are triangular arrays, 2x2 arrays, 1x3 arrays, and 1x4 
arrays. Larger arrays than these might require too many power sources to be practical.  
 The knowledge gained from contact isolation on the bottom-emitting array can be 
applied to future masks and fabrication processes, which will yield better performing 
VCSEL arrays. The potential for fabricating high yield VCSEL arrays that can be tuned 
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to coherent high brightness operation may enable a new range of performance from high 
power VCSELs for new applications. 
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APPENDIX 	  
BOTTOM-EMITTING COHERENT ARRAY 
PROCESS FOLLOWER 
 
Sample Name:   IQE3800F, IEGENS-17-8 Implant-First 
Process Order:  Implant (COD), PhC (COD), Top Metal (DOC), Mesa (DOC) 
 
0.             Cleave   Cleave, label backside, degrease (Acetone, IPA,  
   DI, IPA) and N2 dry 
 
1.             Implant aperture  Degrease 
    photolithography:  Dehydration bake (110 oC for 5 min) 
HMDS spin (30 s 4000 rpm) 
AZ 9260 spread (3 s 500 rpm) 
AZ 9260 spin (30 s 5000 rpm) 
Bake (110 oC for 4 min) 
     Edge bead removal 
Mask: USMA PRC BE Cho Array: implant (C/D) 
     Expose: 3 min 20 s (Aligner A)  
Power:    280   W; Time:    180   s 
Develop in AZ 421K (~ 60 s):    75   s 
O2 plasma descum (300W for 3 min) 
 
2.             Implant metal (p):  O2 plasma descum (300W for 2 min) 
     DI rinse (10 min) 
     Target:  450 Å Ti / 30000 Å Au 
        Actual:    464   Å Ti /    30000   Å Au 
 
3.             Metal Liftoff:  Boiling acetone (40 oC) / Squirt gun 
 
4.             Contact annealing  410 oC for > 1 min 
 
5.             Send for implant:        Stacked H+ implant at maximum 330 keV 
 
6.             SiO2 Deposition:  Degrease 
~ 4000 Å – Time:    12.5   min  
   (18 min @ 230 Å/min) 
Thickness:    4007   Å 
   (read from color chart/ellipsometer) 
 
7.             PhC photolithography: Degrease 
         Dehydration bake (110 oC for 5 min) 
HMDS spin (30 s 4000 rpm) 
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     AZ 5214 spread (3 s 500 rpm) 
     AZ 5214 spin (30 s 4000 rpm) 
Edge bead removal      
Bake (110 oC for 45 s) 
Mask: USMA PRC BE Cho Array: PhC (C/D) 
Expose: 27 s (A) 
Power:    285   W; Time:    27   s 
Develop in AZ 327 MIF (~ 45 s):    45   s 
 
8.             SiO2 Etch:   O2 plasma descum (300W for 15s) 
     CF4 RIE for > 4000 Å (~ 22 min) 
     Time:    24   min  
     Make sure field conducts before proceeding! If  
   not, more etching is required before PR removal. 
Remove PR mask (Acetone, IPA, DI, IPA) 
Alpha-step:    0.413   µm 
 
9.             ICP Etch:   Clean ICP-RIE using O2 
Use ICP-RIE SiCl4/Ar recipe and reflectometry  
   setup 
     Etch according to required etch depth  
        (50% top DBR = 15 DBRs) 
     Time:    27   min 
     Alpha-step:    10.0   µm 
 
10.             SiO2 mask removal: CF4 RIE for < 4000 Å (~ 15 min) (see color) 
     Check if the mesas conduct  
Continue etching 2 or 3 min increments until  
   mesas conduct  
Time:    5   min 
 
11.             Top contact  Degrease 
      photolithography  Dehydration bake (110 oC for 5 min) 
     LOR30B spread (4 s 400 rpm) 
     LOR30B spin (60 s 4000 rpm) 
Edge bead removal with EBR   
Bake (170 oC for 5 min), clean edges 
AZ 5214 spread (3 s 500 rpm) 
     AZ 5214 spin (30 s 4000 rpm) 
Bake (110 oC for 45 s) 
Edge bead removal      
Mask: USMA PRC BE Cho Array: top metal (D/C) 
Expose: 30 s (A) 
Power:    300   W; Time:    30   s 
Reversal bake (110 oC for 45 s) 
Flood exposure 25 s (A) 
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Develop in AZ 327 MIF (~ 60 s):    85   s   
Bake (125 oC for 1 min) 
Develop in AZ 400K (~2 min):          min 
Check pattern:  small LOR undercut desired 
 
13.             Top contact (p):  O2 plasma descum (300W for 2 min) 
     DI rinse (10 min) 
Dip in 1:10 NH4OH:DI for 20 s 
     Target:  150 Å Ti / 1600 Å Au 
        Actual:    161   Å Ti /    1602   Å Au 
 
14.             Metal Liftoff:  Heated EBR / Squirt gun 
 
15.             Mesa photolithography: Degrease 
         Dehydration bake (110 oC for 5 min) 
     AZ 5214 spread (3 s 500 rpm) 
     AZ 5214 spin (30 s 4000 rpm) 
Edge bead removal      
Bake (110 oC for 45 s) 
Mask: USMA PRC BE Cho Array: Mesa (D/C) 
Expose: 27 s (A) 
Power:    302   W; Time:    27   s 
Develop in AZ 327 MIF (~ 45 s):          s 
 
16.             Wet Etch:   O2 plasma descum (300W for 20s) 
     1:1:100 H2O2:H3PO4:DI 
     Time:    1.17   min (~1 min) 
Remove PR mask (Acetone, IPA, DI, IPA) 
Alpha-step:    56   nm 
 
17.             Bottom contact  Degrease  
       photolithography:  Dehydration bake (110 °C for 5 min)  
     HMDS spin (30 s 4000 rpm) 
AZ 4330 spread (3 s 500 rpm) 
AZ 4330 spin (30 s 5000 rpm) 
Bake (95 oC for 90 s)  
Edge bead removal at least 2 mm around periphery  
Expose: 1.5 min (C) 
Power:    274   W; Time:    90   s 
Develop in AZ 400K (~ 45 s):    45   s 
Ensure edges are clear/clean 
 
18.             Bottom contact (n): O2 plasma descum (300W for 2 min) 
     DI rinse (10 min) 
Dip in 1:10 NH4OH:DI for 20 s 
     Target:  400 Å Au-Ge / 200 Å Ni / 1500 Å Au 
 42 
 Actual:   403  Å Au-Ge /   206  Å Ni   1503  Å Au 
 
19.             Metal Liftoff:  Boiling acetone (40 oC) / Squirt gun 
 
20.             Contact annealing  410 oC for > 1 min 
 
21.             Send for implant:  Shallow O2 
     300 to 330 keV 
 
22.             Send for implant:  H+ implants at 210, 300, and 400 keV 
   4x1013 ions/cm2 
H+ implants at 490 keV 
   5x1014 ions/cm2 
     7° Tilt 
 
23.             SiN deposition:  Obtain lasing wavelength:    976   nm 
     Obtain SiN index from ellipsometer:   1.94   . 
     Deposit SiN [thickness = λ/(4.index)]:   123.4   nm 
 
24.             Bottom contact  Degrease  
       photolithography:  Dehydration bake (110 °C for 5 min)  
     HMDS spin (30 s 4000 rpm) 
AZ 9260 spread (3 s 500 rpm) 
AZ 9260 spin (30 s 5000 rpm) 
Bake (110 oC for 4 min)  
Edge bead removal 
Expose: 1.5 min (C) 
Power:          W; Time:          s 
Develop in AZ 421K (~ 60 s):          s 
 
25.             Bottom contact:  O2 plasma descum (300W for 2 min) 
     DI rinse (10 min) 
Dip in 1:10 NH4OH:DI for 20 s 
     Target:  150 Å Ti / 1600 Å Au 
        Actual:     158   Å Ti /    3003   Å Au 
 
26.             Tilted Top contact  Degrease 
      photolithography:  Dehydration bake (110 oC for 5 min) 
     LOR30B spread (4 s 400 rpm) 
     LOR30B spin (60 s 4000 rpm) 
Edge bead removal with EBR   
Bake (170 oC for 5 min), clean edges 
AZ 5214 spread (3 s 500 rpm) 
     AZ 5214 spin (30 s 4000 rpm) 
Bake (110 oC for 45 s) 
Edge bead removal      
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Mask: USMA PRC BE Cho Array: top metal (D/C) 
Expose: 30 s (A) 
Power:          W; Time:          s 
Reversal bake (110 oC for 45 s) 
Flood exposure 25 s (A) 
Develop in AZ 327 MIF (~ 60 s):          s   
Bake (125 oC for 1 min) 
Develop in AZ 400K (~2 min):          min 
Check pattern:  small LOR undercut desired 
 
27.             35o Tilted Top  O2 plasma descum (300W for 2 min) 
      contact (p):  DI rinse (10 min) 
Dip in 1:10 NH4OH:DI for 20 s 
35o Glass slide sample mount 
     Target:  150 Å Ti / 1600 Å Au 
        Actual:     150   Å Ti /    1600   Å Au 
 
 
28.             Test 
 
 
